Natural cartilage tissue has a limited self-regenerative capacity; thus, strategies to replenish the lost cartilage are desired in reconstructive and plastic surgery. Tissue-engineered cartilage using biodegradable polymeric scaffolds is one such approach gaining wide attention. We have earlier demonstrated the biocompatible nature and ability of chitosan-gelatin hydrogel to maintain differentiated populations of respiratory epithelial cells. The aim of the present study was to evaluate its suitability as a substratum for inducing chondrocyte growth and differentiation. Electron microscopic (SEM) analysis of freeze-dried hydrogels showed a highly porous morphology with interconnections as seen in cross section. Chondrocytes were observed to attach and exhibited a differentiated phenotype with proper cell-cell contact on three-dimensional freeze-dried hydrogels. When cultured on two-dimensional hydrogel films they showed higher growth rates (4-6%) compared with a polystyrene (TCPS) control until 6 days (p > 0.05), which slowed down after 10 days. Immunofluorescent microscopic studies revealed that chondrocytes on hydrogel films exhibited comparable expression of β1 integrin (CD29) to TCPS controls, indicating the ability of the hydrogel substrate to maintain normal expression of β1 integrin. RT-PCR analysis of chondrocytes grown on hydrogel films showed that chondrocytes express the mRNA for extracellular matrix proteins such as collagen type IIα1 (COL IIα1), COL III, COL IXα3. Expression of COL I was less prominent than COL II as indication of differentiation. Expression of COL X could not be detected, suggesting an absence of chondrocyte hypertrophy. Chondrocytes also showed weak mRNA expression of aggrecan, a cartilage-specific proteoglycan. All of these results point out the ability of the chitosan-gelatin hydrogel to induce the expression of mRNAs for cartilagespecific extracellular matrix proteins by nasal septal chondrocytes. This hydrogel needs to be further evaluated for its ability to support chondrocyte-specific marker expression to explore the possibility of forming a tissue resembling natural cartilage in vitro.
INTRODUCTION
ing the cells at the transplant site that would allow them to lay down their own extracellular matrix (ECM) (43). Over 1 million surgeries involving cartilage replace-However, recent advances in surgical procedures have ments are performed annually in the US (19) to treat allowed the use of isolated chondrocytes with improved various cartilage defects resulting from arthritis, trauma, success (3) . and congenital abnormalities. Natural cartilage tissue Tissue engineering is one such approach, which is has limited self-regenerative ability due to the avascular gaining wide attention in the area of cartilage replacenature of the tissue; thus, cartilage transplantation and ment therapy. This approach involves the seeding of bioartificial prosthesis are the currently used therapies (42) . degradable polymeric three-dimensional scaffolds with Transplants of cartilage are severely limited due to dothe isolated chondrocytes from tissue biopsies (14, 33) . nor availability and difficulties in graft sizing and fixa-Many recent studies have been done with synthetic biotion. The prosthetic devices also suffer from disadvandegradable poly(α-hydroxy esters) such as PLLA, PGA, tages such as loosening and toxicity due to breakdown and copolymer PLGA (25, 39) . Injectable polymeric of adhesive at the prosthesis-tissue interface (16) . Isopreparations entrapping cells have also been evaluated lated chondrocytes have been used for restoration of de- (8) . These polymeric materials undergo in situ crossfects, but with limited success due to inability of retain-linking and form matrices with entrapped chondrocytes gelation the hydrogels were allowed to dry at room temperature (ϳ30°C) for 48 h in a sterile atmosphere, and (38) . Natural polymers have also been used with success to design tissue scaffolds, which provide three-dimen-thereafter were stored in dry sterile atmosphere until use. In addition, hydrogels were also freeze-dried. Casted sional support to the cells (1, 23) . These scaffolds have been shown to maintain the differentiated phenotype of gels were placed at −80°C for 2 h and then freeze-dried in a lyophilizer (Leybold, Heraeus, Germany) for 24 h. chondrocytes and induce their proliferation (12) .
Chitosan, a naturally occurring polymer, structurally Prior to the cell culture experiments, the hydrogels were sterilized by exposure to UV (λ = 254 nm) for 30 min, mimics hyaluronic acid, which is a crucial extracellular matrix glycosaminoglycan in many tissues (5) . Chito-were rehydrated with tissue culture medium for 10 min, and used immediately. san-based matrices have been shown to be biocompatible (27, 28) and are used widely in the biomedical field Scanning Electron Microscopy such as cell encapsulation applications (13, 29) , controlled delivery of agents (30), and cell culture scaffolds
The morphology of freeze-dried hydrogels was ob-(20). Chitosan-gelatin matrices have been tested for the served using electron microscope (Hitachi 2700). Samcontrolled delivery of drugs such as prednisolone (22) . ples were coated with gold (15 nm thick) and mounted They have been used for culturing hepatocytes (7) and on stubs using dual-sided adhesive tape. Samples were adrenal chromaffin cells (10) for their possible applicavisualized using a Hitachi 2700 electron microscope at tion as scaffolds for creating liver tissue organoids and a beam strength of 15-20 eV and digital images were neuronal tissue. We have recently reported the possible obtained. application of this chitosan-gelatin hydrogel in tracheal tissue engineering (32). Use of chitosan-based matrices Chondrocyte Isolation in the tissue engineering of hyaline cartilage has been Nasal septal chondrocytes were isolated from human recently reviewed (41) . The study by Lahiji et al. (18) tissue biopsy samples obtained from the Department of has shown that chondrocytes cultured on chitosan films Otorhinolaryngology, Charité, Humboldt University as maintain their differentiated phenotype and express carpreviously reported (4) . Only soft cartilage pieces were tilage-specific extracellular matrix proteins such as colused to isolate chondrocytes. In brief, cartilage was cut lagen type II and aggrecan. The ECM is an "informainto small pieces, digested in complete RPMI-1640 contion-rich" environment, and interactions between the taining an enzyme cocktail (0.1 mg/ml type II collagenchondrocyte and ECM regulate many biological proase, 0.1 mg/ml hyaluronidase, and 1 mg/ml collagenase cesses important to cartilage homeostasis and repair, in-P), and placed on a magnetic stirrer overnight at 37°C. cluding cell attachment, growth, differentiation, and sur-After the digestion, medium was passed through a cell vival. In this study we have employed RT-PCR analysis strainer (100 µm Nylon, Falcon, USA) and filtrate was to evaluate the expression of extracellular matrix comcollected in 50-ml centrifuge tubes. Cell pellets (ϳ4.5ponents by chondrocytes cultured on hydrogel.
5.0 × 10 5 cells/biopsy) obtained were washed two times with RPMI-1640 and resuspended in RPMI-1640 with MATERIALS AND METHODS 10% FCS (Biochrom AG, Germany). Chitosan and gelatin (calf skin) were purchased from Scanning Electron Microscopy to Visualize Sigma Chemical Company (St. Louis, MO, USA). All
Chondrocytes on Freeze-Dried Hydrogels culture media were procured from Biochrom KG (Germany). Type II collagenase, hyaluronidase, and colla-Cells were expanded in tissue culture flasks and cells genase P were purchased from Seromed, Serva, and Boehat passage 2 were seeded on freeze-dried hydrogels (1 ringer Mannheim (Germany), respectively. Custom cm 2 ) and maintained in RPMI-1640, 10% FCS, with the made RT-PCR primers were obtained from GIBCOmedium changed every day for 5 days. Cell-bearing hy-BRL (Canada). Monoclonal anti-CD29 and anti-human drogels were fixed in 2% glutaraldehyde for 15 min and goat IgG-FITC were from DAKO (Denmark). All other dehydrated in serial grades of acetone. Dehydrated samreagents used were of analytical grade.
ples were dried in a critical point drier (CPD 030, Baltech AG, Lichtenstein). Dried samples were coated with Membrane Preparation: Air and Freeze-Drying gold and scanned at 15-20 eV.
Chitosan (1.5% w/v) was dissolved in 2% acetic acid. Cell Growth on Two-Dimensional Hydrogel Films Gelatin solution (1.5% w/v) was prepared in double distilled water. Chitosan and gelatin solutions were mixed Cells after isolation (P0) were seeded in six-well plates (3 × 10 4 cells/ml) coated and uncoated with thin in a proportion of 3:2 v/v. This solution was used to cast hydrogels in tissue culture wells (35 mm). Following hydrogel films and with medium change every day. TCPS served as a control for assessing cell growth pa-ing TRI Reagent (Sigma) according to the manufacturer's instructions. Single tube RT-PCR reactions (Access rameters. Cellular morphology on hydrogel films was observed under a phase contrast inverted microscope RT-PCT kit, Promega, USA) were started with an equal quantity (400 ng) of total RNA. Equal volume of PCR and after every 2 days cells were trypsinized (0.05%), stained with trypan blue (0.04%), and cell numbers were products obtained was then loaded on 1% agarose gel.
To normalize the manual error in pipetting HPRT, a determined with a modified Neubauer chamber. The cell growth experiments were repeated at three independent housekeeping gene was used as a loading control. The quantitation of transcripts (intensity calculations) was times (n = 3).
done with densitometry analysis software (Gelbase Indirect Immunofluorescence Study gelblot_Pro, Ultra Violet Products, CA). After the nor-Cells were cultured on coverslips coated with a chitomalization of HPRT transcript intensity obtained from san-gelatin hydrogel for 7 days. Cells were fixed and two independent experiments (n = 2), expression intensipermeabilized in absolute methanol and incubated in a ties for collagen type (COL) I, II, III, IX, X, and agblocking solution (1% BSA in PBS) for 30 min. After grecan were calculated for these experiments. Expreswashing the coverslips with PBS, they were incubated sion of COL II was compared with expressions of COL with anti-CD29 for 1 h at room temperature. After wash-I and COL III for their statistical significance using ing the cells with PBS they were again incubated in Mann-Whitney test. Sequences of primers used for RTblocking solution for 30 min. Cells were washed with PCR are mentioned in Table 1 . PBS (pH 7.4) and then incubated with FITC-conjugated Statistical Analysis anti-human goat IgG for 1 h at room temperature. Cov-For cell growth determination and RT-PCR experierslips incubated with only FITC-anti-Hu goat IgG were ments differences between groups were tested by Manntaken as control to assess the specificity of Ab binding.
Whitney test. Computations were performed using Coverslips were washed thoroughly in PBS (pH 7.4) and
Sigma-Stat statistical package (Jandel Scientific, ver. then mounted in mowiol on glass slides. Cells were ob-2.0, Chicago, IL, USA). served under 63× objective on florescence microscope (Leica, Germany).
RESULTS

RT-PCR Analysis of Chondrocyte-Specific Gene Electron Microscopic Observations of Freeze-Dried Expression on Hydrogel Matrix Structures
Freeze-dried hydrogel matrices are highly porous as RT-PCR experiments were performed as reported earlier (32). After 14 days in culture on chitosan-gelatin observed with electron microscopy (Fig. 1) . The majority of the surface area is occupied by pores, which ap-hydrogel, total RNA was isolated from chondrocytes us- pear similar in dimensions. When the hydrogel surfaces mer scaffolds many of the cells were seen to have a spherical morphology, a sign indicative of chondrocyte are visualized at an angle of 45°the surface topography is not smooth and exhibits a ruffled appearance ( Fig.  differentiation (Fig. 2D ).
1C). A cross-sectional view of the hydrogels points
Chondrocyte Culture and Growth Assessment out the extensive porous nature and shows that the on Hydrogel Films matrices have interconnected channel-like structures (Fig. 1D) .
Chondrocytes growing on a chitosan-gelatin hydrogel and TCPS control were seen to have similar morphology Electron Microscopic Observations to Visualize with an absence of any noticeable hypertrophy (Fig. 3) .
Chondrocytes on Freeze-Dried Hydrogels
Growth rates of nasal septal chondrocytes have been described previously (40) . In this study, chondrocytes were Chondrocytes cultured on freeze-dried hydrogels were seen to grow in the matrix pores and establish con-seen to attach and grow on the hydrogel (Fig. 3) . Cell growth on the hydrogel as assessed by counting trypan nections with the hydrogel scaffold (Fig. 2B ). They were also seen to have proper cell-cell contact with neighbor-blue (0.04%)-stained cells on Neubauer chamber was higher (between 4-6%) than the TCPS control until day ing chondrocytes (Fig. 2C ). Unlike the flat and spread morphology of chondrocytes growing on two-dimen-6 of culture. However, this growth rate difference between the control and hydrogel until day 6 was found to sional films (data not shown), on three-dimensional poly- be statistically nonsignificant (p > 0.05). Cell growth on cellular matrix molecules deposited by chondrocytes. The amplification products for COL Iα2, IIα1, IIIα1, the hydrogel and TCPS control was seen to be comparable until 10 days in culture, after which the cell growth IXα3, X, and aggrecan were 382, 405, 378, 529, 600, and 300 bp, respectively. Our RT-PCR results indicated rate diminished on the hydrogel. Cells were seen to achieve a cell number of 3.2 × 10 5 and 4.5 × 10 5 /ml on ( Fig. 5 ) that chondrocytes maintained on the hydrogel express COL IIα1 and IXα3. The expression of COL hydrogel and TCPS, respectively, at the end of 14th day.
II was significantly higher than COL I and COL III, Indirect Immunofluorescence Study respectively (p < 0.05). However, expression of COL X Indirect immunofluorescence microscopy showed that could not be detected by RT-PCR. We could also detect chondrocytes cultured on two-dimensional chitosan-gela very weak (Fig 5A, lanes 3 and 4) expression of cartiatin hydrogel films strongly express β1 integrin (CD29).
lage-specific proteoglycan aggrecan, at the mRNA level, The expression pattern is similar to cells growing on in comparison to all collagens tested. TCPS control (Fig. 4) . Cells grown on the hydrogel also DISCUSSION showed uniform distribution of β1 integrin.
In recent years tissue engineering has developed rap-
RT-PCR Analysis of Chondrocyte-Specific Gene
idly as a major branch of biotechnology. Innovative bio-Expression on Hydrogel materials, new cell culture methods, and the rapidly expanding field of growth factors enhance the ability to We employed RT-PCR analysis to detect the mRNA expression of various types of collagens and other extra-engineer transplantable tissues for clinical use. Biomate- rials occupy a key position in any tissue-engineered pro-cultured on three-dimensional hydrogels exhibited differentiated phenotype and proper cell-cell contact, indi-tocol. Biomaterials can function as an artificial extracellular matrix (ECM) for cells and mimic the functional cating their suitability for the culture of chondrocytes. Human chondrocytes lose their phenotypic characters and mechanical properties of the native ECM. Biomaterials can act as a medium, which brings isolated cells during in vitro monolayer culture and undergo the process of dedifferentiation (21) . The design of biocompati-together to form tissue structures and impact the cellular phenotype. Biomaterial scaffolds define a three-dimen-ble matrices that allow tissue typical differentiation and reexpression of proper extracellular matrix proteins is sional space for the new tissues with appropriate structure and guide the development of new tissue with ap-thus a prime requirement for designing engineered cartilage tissue. It has been shown earlier that rabbit chon-propriate function (15) . In this study we have evaluated the potential of chitosan-gelatin hydrogels to support drocytes attach and proliferate on chitosan films (6) . Previous studies point out that chitosan-gelatin hydrogel chondrocyte growth and differentiation.
A freeze-drying process has been reported to generate films support the differentiated and functional population of respiratory epithelial cells in vitro (32). We chitosan matrices with high porosity (31) , which has a minimal effect on the structural integrity of the hydro-therefore have evaluated the growth of chondrocytes on two-dimensional hydrogel films in monolayer culture gel. Chitosan-gelatin hydrogels, when freeze-dried, also exhibit a highly porous structure and demonstrated ex-and evaluated their differentiation status. Higher proliferation rates of chondrocytes observed on the hydrogel tensive cross-sectional interconnections. This large surface area-to-volume ratio of a biomaterial scaffold is de-films until 6 days in culture was statistically insignificant (p > 0.05) compared with TCPS. This phenomenon sired to permit maximizing cellular densities. Materials with a high degree of porosity and interconnected void could be a result of enhanced attachment of chondrocytes to the gelatin component of the hydrogel, as gela-structures have been shown to promote tissue ingrowth and allow large surface area for cells to attach and de-tin can support the attachment and proliferation of the cells. Growth and differentiation are opposite phenom-posit their own extracellular matrix (44) . Chondrocytes allows normal expression of β1 integrins on chondrocytes and may support the associated functions with its expression.
In normal articular cartilage, chondrocytes have been shown to synthesize collagen types II, IX, XI, and VI (11) . As early as passage 1 (P1) in monolayer cultures there is a gradual shift from the synthesis of type II to type I and III collagen and from synthesis of large aggregating proteoglycans (aggrecans) to low molecular weight proteoglycans due to dedifferentiation. Glycosaminoglycan (GAG)-augmented chitosan has been shown to maintain normal phenotypic characters and synthesis of collagen type II and proteoglycan in bovine chondrocytes (35) . We have therefore looked at the mRNA expression of extracellular matrix proteins in monolayer cultures of chondrocytes on two-dimensional chitosan-gelatin hydrogel films at day 14. Our RT-PCR results demonstrate that cells strongly express transcripts of COL II and COL IX, which are present in native cartilage and are markers for chondrocyte differentiation (17, 36) . It also shows that expression of COL II is significantly higher (p < 0.05) than COL I and COL III expression, indicating that the hydrogel matrix, even in two-dimensional conformation, induced cellular differentiation and thus modulated cellular phenotype. COL X has been shown to be a marker of chondrocyte hyper- scopic observations. The mRNA expression of aggrecan was weak compared with COL II and COL IX, a pattern suggestive for the deposition of proteoglycan matrix. ena, and onset of differentiation in many cell types has been shown to reduce the cellular growth. Thus, de-However, alician blue staining of cells at day 14 in culture did not reveal the presence of aggrecan (data not creased proliferation of chondrocytes on the chitosangelatin hydrogels from day 6 until day 14 of culture in-shown). This could be a result of low expression of this proteoglycan in monolayer, two-dimensional culture, dicates onset of cellular differentiation, which could be assigned to the chitosan component of the hydrogel, as and its presence below the sensitivity of the assay. This result also points out that COL II and COL IX are ex-chitosan has been shown to induce differentiation in chondrocytes in monolayer cultures (34) .
pressed more in the process of differentiation on chitosan hydrogels and aggrecan expression sets in at a later The integrin family of cell surface receptors plays a major role in mediating cell-matrix interactions that are stage. Our investigations confirm the ability of human nasal important in regulating cell phenotype, attachment, growth, and differentiation (9, 37) . By providing a link septal chondrocytes to attach, survive, and proliferate on the surface of a chitosan-gelatin hydrogel films. In addi-between the ECM and the cytoskeleton, integrins may be acting as important transducers of mechanical stimuli tion, results indicate that chondrocytes undergo differentiation and produce cell-specific extracellular matrix. and also stimulate intracellular signaling, which can affect gene expression and regulate chondrocyte function.
However, to stimulate a higher degree of nasal septal chondrocytic differentiation, strategies such as increas-The modulation of β1 integrin expression in vitro and in situ thus indicates that chondrocytes are capable of ing chitosan content in the chitosan-gelatin hydrogels and use of three-dimensional gels could be employed. regulated expression of β1 integrins and suggest their probable role in mediating chondrocyte extracellular Chitosan-gelatin hydrogels serve as prospective candidate scaffold materials for engineering cartilage tissue. matrix interaction in cartilage (24) . In two-dimensional cultures chondrocytes showed expression of β1 integrin, ACKNOWLEDGMENTS: The present work was supported by which appeared similar to expression by control cells 
